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ABSTR ACT
A theoretical formulation for carrier current across hetero-interface in heterostruc
ture semiconductor devices is presented using tunneling as the phenomenon. An analytical
expression for the transmission coefficient as a function of energy using the Airy’s function
and exponential solutions to Schroedinger’s equation for a linear potential variation is used
in the calculations. This thesis addresses two theoretical problems: physics and modeling
of gate current dependence on gate voltage in a heterostructure insulated gated field effect
transistor (HIGFET) and, oscillations in the current-voltage characteristics of a double het
erostructure bipolar transistor (DHBT).
For HIGFETs, two components of tunneling currents, one from the decay of the
quasi-bound resonant states in the accumulation well and the other from the tunneling
electrons with kinetic energy above the bulk energy level, were considered. Moreover, the
possibility of hot electrons is addressed. The tunneling current is obtained as a function of
the gate voltage for two device structures, and are compared with the experimental results.
The calculated currents are within a factor of 2 of the experimental results the most voltage
range of study when the electron temperature to 450°/f. The reason for the large discrepan
cies between the experimental values and the theoretical values reported in earlier literature
is attributed mainly due to the exclusion of the hot electron mechanism and the neglect of
the contribution to current from the decay of the resonant states in the accumulation well.
The origin of oscillations in the collector saturation current of a DHBT (with a
set back layer) is investigated theoretically. Energy band balance was performed at the
ill
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base-set back layer and set back layer-coUector junctions to determine the distribution of
the output voltage, VbCi at these junctions and the conduction band edge profile using
degenerate statistics. This calculation also provided the electric field and potential drop on
the set-back layer. The parabolic Ec profiles of the base and collector depletion layers were
linearized and solved for transmission coefficient as a function of energy using Airy’s and
exponential function solutions to the Schroedinger’s equation. The transmission coefficient
was energy averaged for various Vgc’s. The transmission parameter for the collector-base
junction was obtained and used in a dc I-V characteristics model. Theoretical results are in
excellent agreement with the experimental results with Vbc^s at which the first two peaks
of the lD,3 at occur matching closely.

IV
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Chapter 1

Introduction

1.1

Tunneling P henom enon
The phenomenon in which a particle with energy less than the potential barrier

penetrates the barrier is called ’tunneling’. For the first time this concept was exploited for
device applications by Esaki [1], who successfully demonstrated the tunnel diode.
In a tunnel diode, there is an abrupt transition from p+ to n-\- type material. Con
sequently, the space charge region is very narrow and gives rise to extremely large electric
fields. In the quasi-neutral bulk, where the dopant concentration is very large, the electron
distribution follows degenerate statistics(Fermi-Dirac). The Fermi level is above the con
duction band in the n —type material and below the valence band in the p—type material.
A schematic energy band diagram for a tunnel diode is depicted in Figure 1.1.
The electrons (holes) tunnel from the conduction band (valence band) of diode to valence
band (conduction band) across the potential barrier of the depletion layer. This is called
inter-band tunneling.
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p

Ef.
n

Figure 1.1: Inter-band tunneling in a tunnel diode at small forward bias.

According to quantum mechanics, a particle incident on a potential barrier of finite thick
ness and height as shown in Figure 1.2, has a finite probability of penetrating the barrier
and appearing on the other side, even though this is energetically forbidden in classical
mechanics. The wavefunction attenuates as it tunnels and if the barrier is very high or
thick, the attenuation is very strong and the probability of penetration becomes extremely
small. This phenomenon has been experimentally observed in many semiconductor devices.
In this case the electrons (holes) tunnel from conduction (valence ) band to the conduction
(valence) band and is called intra-band t unneling.
Recently with molecular beam epitaxial growth, it was shown th at compound
semiconductors of different bandgaps can be artificially placed as adjacent layers. In these
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i
X
— >x
Figure 1.2: Intra-band tunneling through a potential barrier of finite thickness, x i, and
height, qVo.

heterostructure materials, intra-band (between same band) and inter-band (from conduction
to valence band and vice versa) can occur. The devices analyzed in this work, heterostruc
ture insulated-gate field effect transistor and double heterojunction bipolar transistor, are
the two devices out of many heterostructure devices already fabricated, tested, analyzed
and utilized.
The tunneling current of electrons (holes) can be calculated, if the conduction (va
lence) band density of states function and probability of occupation of the states and the
transmission probability associated with the potential barrier are known. Standard equa
tions are available for calculating the density of states in a conduction (valence) band and
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the probability of the occupation of the states (Fenni-DLrac and Boltzmann distribution).
The transmission coefficient through the potential barrier can be obtained through solution
to Schroedinger’s Equation.

1.2

H eterostru cture Insulated-G ate F ield Effect Transistor

Lattice matched heterostructures involving AlInAs and G a lnA s have found use in in
tegrated circuit (IC) applications through HIGFETs due to their excellent properties[2-5].
Since the layers are usually undoped in HIGFETs, the threshold voltages are just dependent
on the Schottky barrier height,($ ,) and the conduction band discontinuity, (AEc) between
the A lIn A s and G a lnA s which results in uniform threshold voltage values; a highly desir
able device property in IC applications.
The gate current in HIGFETs limits the maximum gate voltage swing and maxi
mum transconductance and, as a consequence, the noise margin of digital circuits. Further
development of this technology requires accurate device models. In this thesis, tunneling
through hetero-barrier in G alnA s I A lI n A s J W S i HIGFET was theoretically assumed as the
dominant mechanism for gate current. The model developed in this thesis was applied to
the HIGFET to study the gate current

1.3

Xg

dependence on gate voltage

Vg.

D ou b le H eteroju n ction Bipolar Transistors

The energy barrier to carrier flow at the collector-base junction of a double heterostructure
bipolar transistor (DHBT) arising from the conduction band discontinuity degrades the
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performance of these devices considerably [6]. To counter this problem, various ways of
reducing the barrier has been proposed and tested [6-8]. One of these techniques is to intro
duce a set back layer at the collector- base interface as part of the base [6]. This technique
clearly lowers the barrier to carrier flow,, but inadvertently introduces oscillations in the
collector current in the forward active mode . The physical origin of these oscillations has
been proposed and qualitatively shown to be the presence and absence of resonant energy
levels at the energy equal to the conduction band edge of the neutral base for various V sc’s
[6].

The theoretical formulation based on the energy band balance at the collector-base
junction, and transmission coefficient of the collector-base junction, developed in this thesis
was applied to study the I-V characteristics of G alnP fG aA s fG a ln P DHBTs. The trans
mission coefficients are utilized in the dc I-V characteristics model of Lee et.al [9] to obtain
the oscillations in the saturation region of I-V characteristics.

1.4

O verview o f th e T hesis

In chapter 2, a detailed literature survey pertaining HIGFETs and DHBTs is presented.
Theoretical derivation of the transmission coefficient for a set of spaciaUy linearly varying
potential as a function of incident energy using Airy’s functions and exponential solution
to Schroedinger’s equation is presented in chapter 3. Additionally, a solution procedure to
obtain current-voltage characteristics of HIGFET and DHBT are also presented in chapter 3.
Results are presented and discussed in chapter 4. Conclusions along with recommendations
for future work are in chapter 5.
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Chapter 2

Literature Overview

2.1

Introduction

This chapter provides a short description on device history, structure and operation of
the HIGFETs and DHBTs. Some of the relevant work, both experimental and theoretical
performed on these devices to date are summarized and discussed in this chapter.

2.2
2.2.1

H eterostructure Insulated-G ate Field Effect Transistor
H is to r y

The enhanced mobility in AlGaAs —GaAs heterostructure was first demonstrated by Dingle
et.al [10] in 1978. Stormer et.al [11] reported a similar effect using a single AlGaAs - GaAs
heterojunction in 1979. The first field effect transistor based on this effect, was developed
by Mimura et.al [12] in 1980, and later by Delagebeaudeuf et.al [13] in the same year. This
FET was referred to as the modulation-doped field-effect transistor(AfODF'ET). In the
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later literature this device was also referred as high-electron-mobility transistor(H E A fr),
two-dimensional electron-gas field-effect transistor {T E G F E T ), and selectively doped het
erojunction transistor (S D H T ). Frequently it is referred by a general name H F E T , (het
erojunction field-effect transistor).

2.2.2

S tru c tu re an d O p e ratio n

The other devices in this family are (i) inverted heterojunction field-effected transistor(inverted
HFET) or inverted MODFET, (ü ) planar- doped heterojunction field-effect transistor,
(n’i) single-quantum-weU heterojunction field-effect transistor, (iv) super-lattice hetero
junction field effect transistor, (u) pseudomorphic heterojunction field-effect transistor,
(vi) semiconductor-insulator-semiconductor field-effect transistor, ( vü) h e te ro s tru c tu re
in su la te d -g a te field-effect tra n s isto r, (viii) doped-channel heterojunction filed-effect
transistor.
The most common heterojunctions for HFETs are the AlGaAs - GaAs and In P
base heterointerfaces. Two basic schemes have been adopted to fabricate the HFET. Mostly
it is fabricated as follows. An intrinsic layer of GaAs about 1 micron thick is first deposited
on a semi-insulating GaAs substrate, followed by a buffer layer of 30-60/1° of intrinsic
AlGaAs. The AlGaAs layer ensures the separation of the heterointerface from the doped
AlGaAs region and is critical for high carrier mobility due to the exclusion of impurity
scattering. The doped AlGaAs layer is around 500A° thick. The gate materials include Ti,
Mo,

W or Al. The source and drain implantation is made after the gate is defined.

Since high temperature anneal is needed to activate the dopants, refractory gate material
is required. Most HFETs reported are n-channel devices due to high electron mobility. A
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Figure 2.1: Conduction Band Profiles of typical heterostructures.
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HIGFET differs from a HFET in that the wide-energy-gap material as well as the narrowenergy-gap material are undoped.
All devices in the family of HFETs operate in a similar way. By applying a posi
tive voltage to the gate, one may capacitively induce electrons into the narrow channel in
the substrate at the heterointerface. The electrons induced at the heterointerface (called
two-dimensional electron gas) is similar to the electron gas in the inversion layer of silicon
MOSFETs. As in MOSFETs, the density of this gas and hence the device current is mod
ulated by the gate voltage. However the smaller effective mass of the electron in GaAs
compared to Si, leads to much more pronounced quantum effects. This can be understood
by using a deep, narrow quantum well as an example. As the energy seperation between
the quantum energy levels is inversely proportional to the electron effective mass, it is quite
large compared to the thermal-energy (kT) at room temperature in GaAs. As was proposed
by Esaki and Tsu [14], the high electron concentration and the spatial separation of donors
from the electrons diminishes the effects of impurity scattering in the two-dimensional elec
tron gas, there by enhancing the electron mobility.

2 .2 .3

R e la te d M o d e ls

In the earlier models, for gate current in heterostructure FETs were based on equivalent cir
cuits with diodes and FETs [15,16]. Improvement on these models were made by Ruden et.al
[10]. Later, gate current in heterostructure devices has been modeled based on thermionic
emission [17] and quantum tunneling mechanisms [18-21]. These models have been shown
to be good for certain heterostructure devices. The tunneling current model employed in
these models is based on the WKB approximation in the derivation of the transmission
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coefficient as a function of the incident energy of the electron.
The other method for calculating current in a device was with the transmission coef
ficient which is obtained by solving Schroedinger’s equations through the potential barriers.
Chandra and Eastman [22] calculated the transmission co-efficient for a triangular barrier
by solving Schrodinger’s equation using a numerical method. On the other hand, Gundlach
[23] calculated the tunnel current for a trapezoidal barrier using the Airy’s function. This
function yield an exact solution to Schrodinger’s equation. These calculations are, however,
unsuitable for designing quantum-well and superlattice structures, because of the compli
cated treatment involved. Further more, variations of electron effective mass within the
different layers in the device have never been taken into account in these analyses.
Accoriding to Kastalski et.al [24] and Michael Shur et.al [25], the electron in the
2D-gas (at semiconductor and insulator interface ) can be hotter than the lattice.
The model developed in this thesis takes care of all the deficiencies of the above said
models.

2.3
2.3.1

D ouble H eteroj unction B ipolar Transistor
H isto r y

Soon after the invention of the bipolar transistor, the principle behind the HBT w<is pro
posed by Schokley in 1948 [26] and Kroemer [27] made a theoretical formulation of HBTs
based on the diffusion model. In the early stages, efforts were made to search out pos
sible combinations for emitter-base heterojunctions. Heterojunctions consisting of group
IV-binary or binary-binary materials such as Ge —GaAs, Ge — ZnSe and GaAs —ZnSe
were not very successful because of the difficulty of preparing good heterointerfaces due
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to electronic mismatch. Later, ternary or quaternary lattice-matched systems, such as
AlGaAs and In G a A sP , became popular in the fabrication of optoelectronic devices using
liquid-phase epitaxy (LPE). HBTs grown by these HI-V material systems, in fact, proved
the importance of the wide-gap emitters in achieving high current gains. Major technolog
ical problems with HBTs grown by LPE are poor controllability of the layer structure and
insufficient uniformity in thickness. It is obvious that the new epitaxial-growth techniques,
molecular beam epitaxy (MBE) and metal-organic chemical vapor deposition (MOCVD)
have created breakthroughs in the fabrication of realistic HBTs with AlGaAs material sys
tem. These techniques are most suited to tailoring extremely fine HBT structures, including
the grading of band gaps and achieving heavily doped layers with good uniformity.

2 .3 .2

S tr u c tu r e and O p era tio n

The superior electron transport properties of IH-V materials to those of S i also contribute
to faster device operation. In S i bipolar transistors, base transit time is generally the major
factor which determines the cutoff frequency. Since electron mobility in GaAs is several
times larger than mobility in 5z, base transit time does not constitute most of the total
delay time in the AlGaAs —GaAs HBTs.
Because of the difference in band-gap energies between the emitter and base regions,
and due to the way this difference splits between the conduction band and valence band, the
barrier for holes is higher than that for electrons. A lower hole population on the valence
band of the em itter layer produces a lower hole injection current. This results in higher
emitter injection efficiency, leading to a higher current gain.
On the other hand, for the collector of a microwave transistor (DEBT), the high-
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field drift velocity rather than the (low field) mobility is of importance. This is because
the drift velocity determines the carrier transit time through the collector depletion region.
However, a complication arises from the application of the wide-gap collector in th at the
conduction-band spike which is formed at the abrupt base- collector heterojunction tends
to oppose the collection of injected electrons. This ’’electron blocking effect” can lead to
a significant reduction of current gain at low collector bias voltages, as has been suggested
by Kroemer and experimentally demonstrated recently. Further advantages result from the
suppression of hole injection into the collector, when the transistor is switched into satu
ration and from the possibility to invert the transistor structure using the collector as a
wide-gap emitter. Also, higher breakdown voltages may be achieved.
To overcome this electron repelling effect, grading the composition of the alloy of the
collector at the collector-base junction would be desirable which, however, appears difficult
to achieve as in Figure 2.2 (d).

The other method in which the electron blocking

effect has been reduced is by inserting a thin sub-collector layer between the base layer and
the collector layer as in Figure 2.2 (b). The epitaxial layers can be grown by metal organic
vapor phase epitaxy (MOVPE). In the above method, the sub-collector should be sufficiently
thin in order to prevent the increase of the base-collector capacitance. To obtain such a
thin doped layer, the use of S doping, which can be obtained by growth interrupted depo
sition of impurity atoms, would be an attractive alternate method [28]. Zener breakdown
occurs in the collector-base junction if the number of the total ionized impurity density is
too large. GaAs set-back layer improve the efficiency of carrier collection in G a ln P fG a A s
DHBTs. The other alternative method is the introduction of an undoped GaAs set-back
layer between the base and collector heterojunction[29] as in Figure 2.2 (c).
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Figure 2.2: Various types of base-collector baud profiles of DHBTs. (a) Abrupt base col
lector junction, (b) graded base collector junction, (c) 6 doped base collector junction and
(d) setback base collector junction.
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2 .3 .3

R e la te d M o d e ls

In the mid 1980’s, the current-voltage (I-V) characteristics through DEBT were investigated
by several authors [30-36] with a view to application of devices such as field effect transistor
[37]. A detailed theory, first proposed by Marty et.al [38] and reproduced essentially without
change in modern books [39,40], really applies only to the graded-gap HBT case. However,
the apparent generality of the approach [38] has often led to its uncritical use in the general
case of HBT, even though a number of authors [41-47] has pointed out that the correct
mechanism of transport across an abrupt heterointerface is thermionic emission. Another
model based on the thermionic-diffusion theory of minority transport was proposed by
Grinberg et.al [41]. Tae-Woo Lee [9] presented an analytical model based on the modified
Ebers-MoU equations with thermionic emission processes at the heterojunction and diffusion
in the quasi-neutral base.
In the early 1990’s, electrical oscillations were observed in DHBTs with set-back layer
at the base-collector junction in the work done by Liu et.al [6]. And the model proposed
by this thesis maintains the physical picture of the device operation which is required for
innovation in design.
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Chapter 3

Theoretical Formulation

3.1

Introduction

This chapter describes the derivation of the transmission coefficient of carriers by solving
the Schroedinger’s Equation. The conduction band profiles of HIGFET and DEBT is
obtained from the energy band balance equations, charge neutrality and Poisson's equation.
For HIGFET the current due to the accumulated charge is been considered. Finally, an
analytical equation is developed for tunneling current in HIGFET and DHBT.

3.2

Solution to Schroedinger’s Equation

The possible conduction band profile in heterostructure materials at the hetero-interface is
schematically represented as in Figure 3.1. The wave function (eigenfunction) $ associated

15
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Region 1

Region 2

Region 3

Region 4

Figure 3.1: Heterostructure conduction band edge profile of interest.
with an electron of energy E subjected to a potential V{x), obeys the time-independent
Schroedinger equation:
(3.1)

where m is the effective mass of the electrons. The spatial dependence of the potential
barrier in the various regions can be written as:
Region 1
V{x) = V n ....................................................x < 0

(3.2)

Region 2
F ( x ) = V ii — s i x •

•0 < X < di
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Region 3
K(x) = V21 - S2(® - <^i)

di <

X

< d2

(3.4)

Region 4
V(x) = V3...............................................z < d 2

(3.5)

where Si is the slope [(Vu — Vi2 )/di] of the potential barrier in Region 2 and S2 is the
slope [(V21 —V2 2 )/{d 2 — di)] of the potential barrier in the Region 3. The piecewise solu
tions to Schroedinger’s equation at the regions can be written in terms of the Airy func
tions [Appendix A], A t[/(i)] and Bi[f{x)] and exponential functions as:
Region 1

'^i(x ) = e‘^‘^ + A e-’*‘* ................................................................................... z < 0,

(3.6)

Region 2

^ 2 ( 2;) = BAz [/)i(Vii —six —£)] -f- CHi [/)i(Vii —Sjx —£ ) ] ............. 0 < X < di,

(3.7)

Region 3

$ s (z ) = DAt[p 2 (V2 i - S2 X - E)] - EBi[p 2 {V2 i - S2 X ~ E )].............. di < x < d2 , (3.8)

Region 4

$ 4 (1 ) =

x>d2,
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where k\ and 6; are the propagation vectors in Region 1 and Region 4 and are given by:

h

=

(3.10)

and
(3.11)

respectively, where m\ and

are the effective masses of electron in the Region 1 and

Region 4 respectively. The U in Eqs. 3.10 and 3.11 is given hy h = h/2-K. The quantity p\
in Eq. 3.7 is given by:
2t712

- I «:2 , 2

(3.12)

=

(3.13)

and p 2 in Eq. 3.8 is given by:
^2

2.

and m 2 and m 3 are the effective masses of electron in the Regions 2 and Regions 3.
The boundary conditions axe the continuities of the wave functions and their derivatives
divided by the spatially dependent effective mass of electron across the boundary are:
At I = 0
$1

=

$2

(3.14)

11 = l i
m\
m2

(3.15)

=

(3.16)

and at I = di
$2

m2

$3

m3

(3.17)

and at z = d2
$3

=

$4
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m3

(3.19)

m4

Using the above boundary conditions between Regions 1 and 2 at z = 0, we get

1 + A = BAi[pi(V'ii - E)] + CBi\pi{Vn - E)]

(3.20)

— (1 - A) = - ^ - ^ { B A i 'l p ^ i V n - E ) ] + CBi'\pi{Vn - E)]),
mi
m2

(3.21)

At the boundary between Region 2 and Region 3, z =

BA: [pi(Vi2 - E)] + C B i[pi(Vi2 - E)] = DA: [p2(V^2i - E)] + EB: [^2(^21 - B)]

m2

(BA:'[pi(Vi2-B)] + C B :> i(V i2 -B )])=

-

^
(DA:'[^2(^21 - £)]
m3

+

EB:'[p2(V2i - B)])

(3.22)

(3.23)

Similarly, at the boundary between the Region 3 and Region 4, (i.e.), z = d 2 , we have:

= DAi[p2{V22 - E)] + EBi[p2{V22 - E)]

— Fc'*:"*' =
m4

m3

(DA:' \p2{v22 - B)] + EB:'po(V22 - B))

Solving Eqs. (3.20 - 3.25) we get
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where

Az = % (At [pi(Vi2 - B)] Bi' [pi(Vi2 - B)] - At' \p2{Vn - B)] Bi[p^{Vu - B)])

(3.27)

with
A=

(3.28)

P2S2m2

A 3 and A i in Eq. (3.26) are given by:

A 3 = (At [P2{V22 - B)] Bi' [P2{V22 - E)] - At' [P2 (V >2 - E)] B i [P2 (V >2 - B)])

(3.29)

and

Ai

=

p(A t[pi(V ii-B )]-^^A .-'[pi(V u-B )])

-

Q ( ^ B t [ p i ( V i i - B ) ] - ^ ^ S i '[ p i ( V u - B ) ] )

(3.30)

respectively. The terms P, and Q in Eq. (3.30) are given by:

P = —P11P12 + P 13P14

(3.31)

Q — —P11Ç12 +P13Î14

(3.32)

and

with p ii, P 12 , Pi3, Pi4, Ç12 and qu given by:

Pii = Bi' [p2{V22 - B)] +

P12

P2 S2 TTH

[P2(V22 - B)]

= At [P 2 ( V21 - B)] Bt'[p2 (V12 - B)]% - Bi [P 2 ( V12 - B)] At'[p2 (V2 i - B)]
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Pi3 = Ai' [P2(V22 - E)] + ^^^2H±Ai [P2(V22 ~ E)]
P2S2in4

(3.35)

Pi4 = Bi [P2{^2\ ~ B)j Bi' [p2(Vi2 —B)] X —Bi [p2(V2 ~ B)] Bi'[p2{V2i —B)]

(3.36)

912 = Ai [p2( V21 — B)] Ai' [p2(Fi2 —B)] X —Az [p2{V\2 ~ B)] Ai'[p2(V2i —B)]

(3.37)

9i4 = B* [P2(V21 — B)]Ai'[p2(Vi2 —B)] A —Ai[p2(Vv2 —B)] Bi'[p2(V2i “ B)]

(3.38)

and

respectively.

The transmission coefficient, T(Bx) is related to the amplitude transmission

coefficient, F(Bx), as:
T(Bx) = ^ | F ( B x ) | "

3.3

(3.39)

Surface Band B ending in H IG FET

To obtain the transmission coefficient as discussed in section 3.1, one needs the conduction
band edge profile. In this section the procedure for obtaining the Ec profile for an accumu
lated HIGFET is discussed.
Consider the heterostructure shown in Figure 3.2. Let the conduction band discon
tinuity and the Schottky barrier height be A Be and 9 $ ,, respectively. Let us assume that
the semiconductor is doped n-type. Under forward bias conditions, an electron accumu
lation layer forms in the semiconductor at the semiconductor-insulator interface as shown
in Figure 3.2. The surface band bending, q'^g, at the semiconductor-insulator interface is
related to the gate voltage, Vg, (energy balanced equation) [48] as :

qVg = q^s -(- q W S f — - A Be + q^a + Ee - E p

where W is the width of the insulator,

€3

(3.40)

is the semiconductor electric field at the semiconductor-

insulator interface, and e, and e,- are the permittivities of the semiconductor and the in-
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'^21

■• « I

' Insulator

Figure 3.2: A schematic picture of the Ec profile of semiconductor-insulator-metal HIGFET
with band bending at the accumulated interface. (Note the triangulated accumulation well.)
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sulator, respectively. The electric field S 3 in semiconductor is given by Poisson’s equation
as;
# = ^
dx
€3

(3.41)

where p{x) is the charge density which is given by [48]:

p{x) = -qNc, 3 DEi

(3 42)

% , 3D

(3.43)

with
= ( ^ ) '

k is the Boltzmann constant, T is the temperature in ° K and .Fi is the Fermi-Dirac integral
of order

It is noted that Eq. (3.46) assumes th at the carriers are 3-dimensional and

that in reality, 2 -dimensional carrier behavior should be considered for electrons within the
accumulation well. The electric fields at the interface satisfy:

6^3(3

= Si^i

(3.44)

Solving Eqs.(3.43 - 3.47) self-consistently yields the band bending and the electric field in
the semiconductor accumulation layer.

3.4

Surface Band B ending in D H B T

This section outlines the procedure to obtain the conduction band edge profile of DHBT at
the collector-base junction with a setback layer. A schematic conduction band edge profile
for the collector-base junction of a DHBT with a set back layer of undoped GaAs is shown
inFigure

3.3. Note that the undoped GaAs is represented by a linearpotential profile

with distance which isa reasonable assumption considering its thinness.

Also,note that
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Ecb

"Eps

X

=0

X =d%

Figure 3.3: A schematic energy band diagram of the DHBT, depicting the linearized band
profiles in the base and collector depletion layer. (Note that the AB, CD, EF and GH
denote the linearized lines.)
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the depletion layer widths in a typical DHBT are small for the base side and considerably
large for the collector side due to their dopant concentrations. For uniform doping, the the
band edge profiles for the base and collector depletion layers are parabolic. The reason for
the oscillations in the collector current is proposed to be the periodic emergence and exiting
of resonant levels at the energy equal to the conduction band edge of the base for various
collector-base voltage, Vb c - When the resonant level emerges from the triangular quantum
notch, it results in maximum transmission of carriers across the junction and when it exits
the transmission reduces to a minimum and hence oscillations in the collector current. Thus,
to address this problem, one needs the correct dependence of the transmission coefficient
versus incident energy behavior for various V sc’s.
For a given Vgc, the conduction band edge profile can be obtained using energy
band balance of the doped base-undoped base junction (junction 1) and un doped basecollector junction (junction 2). The energy band balance equation at junction 2 is given by:

{E cc — Epc) + Fc —A E c

— +

— Vgc 2 = 0

(3.45)

where E p c is the Fermi level on the collector side with the term E c c —Epc representing
the difference between the conduction band edge and the Fermi level in the quasi-neutral
collector. Yc and A E c represent the band bending of the collector conduction band in the
depletion region and the band edge discontinuity between the collector and the undoped
GaAs at junction 2, respectively. Egs and X 2 represent the band gap of undoped GaAs
and the difference between the conduction band and the Fermi level in the set-back layer at
the junction 2, respectively. Vbc 2 represents the part of Vbc which drops on the junction
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2. These parameters are shown in Figure 3.3. The charge neutrality at junction 2 requires:

=

(3.46)

where E c s is defined as a linear function of x as:

Ecs - E fs =

~ X2 - Si{x - di)

(3.47)

where Si is the constant electric field in the undoped GaAs, N c s is the effective density of
states of conduction band in the setback layer. The depletion width W c is also related to
the dopant concentration, N d , and the collector band bending, Yc, as:

where

is the permittivity of the collector. The energy band balance equation at

junction 1 is given by:

Vbcx = - { E c b - E f b )

where

E fb

+ Fg -

is the Fermi level on the base side with the term

(3.49)

Ecb

—E

fb

representing the

difference between the conduction band edge and the Fermi level in the quasi-neutral base.
Yb represents the band bending of the conduction band in the base depletion region. X i
represents the difference between the conduction band and the Fermi level in the setback
layer at the junction 1. Vb c \ represents the part of Vbc which drops on the junction 1.
These parameters are described pictoriaUy in Figure 3.3. The dopant concentration, iV^, is

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

27

related to the band bending in the base, Yb , as:

where kb ^o is the permittivity of the base. The charge neutrality condition at junction 1
requires:

where E v s — Eps is defined as a linear function of i as:

E v s — Eps = —^

—®i + six

(3.52)

and N v s is the effective density of states of the valance band of the setback layer. Moreover,
Vbci and Vbc 2 satisfy:
Fgci + ^BC2 = Vb c

(3.53)

Solving Eqs. (3.54 - 3.61) simultaneously using a numerical procedure with a set accuracy,
one can obtain the conduction band edge profile for a

Vbc-

3.5

Tunneling Current for H IG FE T

3 .5 .1

D e riv a tio n o f R e so n a n t L ev els an d th e L ifetim es o f C arriers in R e s 
onant L evels

Note that there is a potential well, at the interface. Depending on the width and depth
of the well multi-band resonant states may exist within the well. Approach similar to that
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employed in Section 3.2 is used with a modified wave function for region x < 0. The wave
function for electrons(in Region 1) with energy less than Vji is given by:

$i.2o(z) =

(3.54)

To evaluate the relative strengths of the resonant states for various energies, the following
strength function, S(E ), was evaluated:

tx^di
S(E )= /
'^l,2Di^)^h2D{x)dx
Jx—Q

(3.55)

The location and relative strength of the resonant states are obtained by analyzing S{E).
The escape time of electron from these states by tunneling, re,,(Vg), is obtained as [49]:

where AE{ is the full width at half maximum(FWHM) of the resonant state ‘i' in the S{E)
versus E plot.

3 .5 .2

G a te C urrent

Tunneling current is assumed as the dominant current mechanism across the barrier. The
gate current in HIGFETs have two tunneling current components, one resulting from the
carriers with kinetic energy higher than the bulk-energy,

and the other resulting from

the carriers with kinetic energy lower than the bulk-energy occupying the resonant states.
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If. The total current, / , is given by:

I = Ib + Ir

The bulk current

(3.57)

can be related to the transmission coefficient, T(Ex), and the gate

voltage, Vg, by [2 ]:
J&(Vg) = j^ '" '\ N b { E x ) T { E x ) d E x

(3.58)

with
( A-Km, q k T \
(
y — ) In I
"

1 + ^xp
l + e x p (& = j^ )

I

(3.59)

where Ex is the kinetic energy of the electron in the direction perpendicular to the semiconductorinsulator interface, h is the Planck’s constant and rua is the effective mass of electron in the
semiconductor.
The current density, Jr{Vg), is given by [50]:
i—n
J r(V J = ^ 9W 2i5,(V,)/r,,(V,)

(3.60)

«■=1

where N 2 D,i{Vg) is given by:

^ 2 D,.(Vg) = - ~

^ ln

+ exp

where E{ are the ‘i’ resonant levels of the wave function in the accumulation well.
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3.6

Tunneling Current for D H B T

3 .6 .1

T ra n sm issio n C oefficient

The potential profile for the depletion layers in the base and collector are parabolic in space
and were approximated by a linear potential profile as shown in Figure 3.3.
Assuming the following change of variables:

Vii

=

E cb

V21

=

V u — s id i

V22 =

V3

where di and

^2

=

V21 —AEc

V22 —5 2 ^ 2 = E c c

(3.62)

are the widths of the set-back layer and the collector depletion width, W c,

respectively, one can solve Schroedinger’s equation to obtain the transmission coefficient.
Note here that the base depletion width is neglected as it is very small compared to
and ^ 2 -

and S2 are the electric fields in the set-back layer and collector depletion layer,

respectively.

3 .6 .2

E n e rg y averaged tr a n sm issio n p a ra m eter

The transmission coefficient defined in Eq. 3.39 is a function of the incident energy of the
electron, E, for various Vb c ’s . But, the analytical I-V characteristics model proposed by
Lee et.al [9] requires an energy independent transmission parameter for every Vb c - Thus
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energy averaged transmission coefficient tg, was defined as

(3.63)

Note that the

is a function of Vjgc and that its value is always between

0

and I.

According to Lee et.al [9], the transmission parameter for the emitter-base junc
tion, Zi, can be modeled as:
Zi = e"

(3.64)

where A E c \ is the band edge discontinuity of the emitter-base junction.

3 ,6 .3

C o lle c to r C urren t

The collector current density, Jc, is given in terms of the transmission parameters, <i and
h , as [9]:

Jc

=

t\t2
1 - 0 ^ ( 1 - Z i ) ( l — Z2 )
<2

[1 — 0 ^ ( 1

J esqol

— Zl)]

1 —a^(i —Zi)(l —Z2 )

Jcso

(3.65)

where a is the base transport factor and J eso and Jcso are the saturation current densities
of the emitter-base and collector-base junctions, respectively.
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Chapter 4

R esults, Comparisons and
Discussions

4.1

H IG FET

In this work two cases of /no. 5 3 Goo.47 A s//no.s 3 A/0.47 A s / H I G F E T s were considered
which have been experimentally studied and reported in the literature [4,19]. The parame
ters describing the device structures are obtained from [4,19,57] for two cases and are listed
in Table I. Eqs.(3.40 - 3.44) were solved numerically to compute Ec{x) and 5 , as a function
of

Vg.

The Ea versus x and Ec versus x are shown in Figures 4.1 and 4.2, respectively, for

Vg is 0.5V and 1.5V Due to the failure of non-degenerate statistics in this case, a Fermi
integral table was created for the energy range of —20.0 eV to 20.0 eV and employed in the
numerical solution. Then Ec{x) in the accumulation layer was triangulated with the Ea at
the interface deciding the slope of the triangle for each case of solution to Schroedinger’s
equation. The energy depth of the accumulation well is the range of (0.2 eV to 0.3 eV)

32
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Parameter name
Conduction band discontinuity
Schottky barrier height
Thickness of the insulator (case 1)
Thickness of the insulator (case 2)
Energy gap
Effective mass of electron in InG aAs
Effective mass of electron in In A lA s
Donor concentration in InG aAs (case 1)
Donor concentration in InG aAs (case 2)

Parameter symbol
AEc
d
d
Es
ruj
mi
Nd
Nd

Value
0.52 eV
0.57 eV
300 À
400 A
0.75 eV
0.041
0.084 mo^
4.3 X 10^®/c7n^
1.0 X 10^®/c7n^

Table 4.1: Table I. Parameters of the In G a A s/In A lA s heterostructure system obtained
from [19,57] and used for various calculations.

4.0

V -0.5V
V -1.5V

I

o 3.0
X
1

u

I

I

tn

0.0

mo

0.0

Distance (A°)

Figure 4.1: The electric field,5, profile of accumulation well in G a ln A s. The i = 0 corre
sponds to the semiconductor-insulator interface.
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Figure 4.2: The conduction band, Ec profile of accumulation well in the G alnA s. The
= 0 corresponds to the semiconductor-insulator interface.
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3

-o V - 0 ^
^ V -0.75V
-A V -1.25V

I
Î

>

—>

a

I
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a,
9
£
t

I
I
,.20

0.00

0.10
kinetic energy o f the eiectron(eV)

Figure 4.3: The relative strength of the resonant states, S{E ), in the accumulation well
showing the presence of resonant states. The arrows show the movement of resonant energy
levels with Vg.{E = 0 corresponds to the botom of the well)
and the width is in the range of (75 Âto 200 Â). The bulk current Ig^i, was obtained by
integrating between InG aA s bulk E c level to E c + 7ev using Eqs. (3.58) and (3.60). The
S{E ) Wcis obtained using Eq. (3.55) for various V^’s and analyzed for resonant states Ei
and the lifetime of the carriers in the resonant states. The function S{E) versus E is shown
in Figure 4.3 for various Vg’s. It is noted th at the resonant energy levels move up in energy
with

Vg.

The FWHM’s obtained for various

Vg

are in the range 10” “* to 10~® eV. Eqs. (3.56,

3.60 and 3.61) were employed to compute the Jr as a. function of

using the FW HM’s

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

36

le+04

le+02

”ê
le+OO

5
e
■o

I

a

le-02

o Experimental data
- ' ■ T= 300 K
T=350K
T=400K
T=450K

le-04

le-06
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0.5

LO

1.5

V,(V )

Figure 4.4: Plots of Ig versus Vg for Gao.47-fTio.s3-4s/ Alo.4 7 lno,s 3 A s l W S i HIGFET at room
tem perature with d = 300A for various Tg’s along with experimental data from [19].
and Ei. Since the electrons are accelerated through higher electric field (10^ V /m ) within
few hundred As in the accumulation layer before tunneling, the electron may not have
enough time to achieve thermal equilibrium with the lattice. Therefore, it is possible th at
the electrons tunneling through may be somewhat hot. Thus, it is hypothesized that the
electrons tunneling are somewhat hot and employed the temperature of the electron, T^, as
a model parameter for the current computation. Figure 4.4 shows Ig versus

for various

TgS. The experimental data shows excellent fit to the theoretical data with Te = 450°/s!'
for most voltage range. The agreement between the results of the present theory and the
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experiments (case 1) is within a factor of 2 for most V^’s for d = 300 A [19]. For the case of
d = 400 A [2], the agreement between the experimental data (case 2) of 4 A and our results
(with a Te = 400 K) of 3.7 A is excellent.
The transmission coefficient derived in this work is general and avoids the WKB
approximation. It can be applied to device structures for which the conduction or va
lence band discontinuity can be linearized, that is the band bending at the interfaces can
be approximated by a linear variation. There are many heterostructure devices such as
heterostructure bipolar transistor (HBT) and high electron mobility transistor (HEMT)
for which the approach discussed in section 2.1 and 2.2 or a modified version of it can
be applied. The approach adopted for the computation of tunneling current contribution
from the resonant states in the accumulation well may be applicable for other compound
semiconductor hetero-structure systems as well. It is important to note that carriers in
the accumulation well are treated as 3-D and that 2-D nature of the electron is ignored.
The 3-D assumption results in an overestimation of carrier concentration very close to the
interface by a factor of 4 to 5 and within a factor of 1 to 2 in about 80-90 % of the well.
This overestimation results in about 60-80 % deeper well and attendant errors in rest of
the results. The error estimation results are in agreement with the work of Zimmermann
et.al [58] and Ref.[49]. Even though, the possibility of hot electrons in the accumulation
well is hypothesized and the hot electron temperature is employed as a model parameter,
it needs to be thoroughly studied theoretically and experimentally. It is noted that the
escape of electrons from the resonant states requires continuous replenishing of these states
by bulk electrons through collision processes. It is believed th at the number of collisions
required for this process is much smaller than that required for achieving thermal equüib-
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Parameter
Base material
Collector material
Set-back layer material
Base doping
Collector doping
Set-back layer doping
Base thickness
Collector thickness
Set-back layer thickness

Symbol
p'*' GaAs
n GalnP
undoped GaAs
Na
Nd
N d -, N a
Lb
Lc
di

Value

5 X 10^" /cm^
3 X 10^® /cm ^
undoped
800 Â
7000 Â
200 Â

Table 4.2: Table II. Device and materials parameters of the device studied. Note that there
is no mention of emitter in the table as it was not explicitly used in our analysis.

rium. Thus, it is justified that in spite of collisions, the electron can be some what hot. It
may be important for many other heterostructure systems. Since there is a flow of current
through the insulator, the presence of charge in the insulator should be taJcen in to account
for the solution of Poisson’s equation and in the current computation. It is noted that this
particular issue is not addressed in this article.

4.2

DHBT

The materials and structural parameters of the device studied were obtained from Liu et.al
[6] and are reported in Table II. The I-V characteristics of the device were studied for F b c’s
in the range 1 to 15 V. The temperature employed for the calculations was 77°K as in the
experimental work of Liu et.al [6]. For every voltage, the energy balance equations given
by Eqs. (3.45 - 3.53) were solved numerically and simultaneously with a preset accuracy.
The E c profile, thus, obtained has parabolic profiles in the depletion layers of the base and
collector. These were linearized to make it amenable to solutions to Schroedinger’s equation
with Airy functions. The Airy functions were computed numerically using a FORTRAN
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Figure 4.5: Transmission coefficient versus incident energy for various Vjgc’s showing the
movement of the peaks of the transmission efficient with energy.
code. The transmission coefficient as a function of energy, E, were obtained using Eq. 3.64
for various Vbc’s- Plots of the transmission coefficient versus energy are shown in Figure
4.5 for Vbc’s in the range of 1 to 5 V. Even though the calculation for the range of 1 to 15
V WcLS done, for improving the clarity, the transmission coefficient data is shown only for 1
to 5 V. Note that the first peak of the transmission coefficient profiles swings between high
and low energies indicating the absence and presence of a resonant level close to the bulk
E c of the base. The energy averaged transmission parameter, tg, was obtained according
to Eq. 3.64 and is shown as a function of Vb c in Figure 4.6. The transmission parameter
shows oscillations with peaks at 2.5 and 7.5 V which correlates well with the first two peaks
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of the experimental data of 2.8 and 6.8 V of Liu et.al [6].
Since, the transport and life time parameters required in the computation of the
saturation currents, J e so &nd Jcso were unassailable, the saturation current was obtained
from the experimental I-V characteristics ignoring the oscillations in the forward active
region. Using these values of J eso and Jcso along with t\ and tg, the I-V characteristics
were obtained as shown in Figure 4.7. Note that the collector current in the forward active
region is oscillatory with peaks occuring at 2.5 and 7.5 V. These values of peaks compare
favorably well with the experimental values of 2.8 and 6.8. Experimental results show a
third peak at 11.5 V which is not seen in our results. The reason for the discrepancy
can be the result of many sources. Firstly, our linear potential approximation may not be
valid at the high voltage regimes, especially in the collector depletion layer. Secondly, the
assumption that the electrons with energy over the bulk Ec of the base give rise to current
may be wrong at high voltages where electrons in the well of the set-back layer may tunnel
through one of the quasi bound states in the triangular quantum notch of the set-back
layer and cause additional currents. Thirdly, the bulk drops may play an important role at
voltages and should be taken in to account in the modeling.
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Figure 4.7: Theoretical l e versus Vbc characteristics obtained at 77°K for a G aInP /G aA s
/G a ln P DHBT with a set back layer at the collector-base junction. The Fgc's for the
first two oscillations indicated in the plot are in excellent agreement with the experimental
values of 2.8 V and 6.8 V.
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Chapter 5

Conclusions and Recom m endations

5.1

H IG F E T

The Ig versus Vg is studied theoretically assuming that tunneling through a hetero-barrier
is the dominant mechanism in heterostructure field effect transistors. The transmission
coefficient is derived as a function of the kinetic energy of the electrons using Airy functions
solution to Schroedinger’s equation. The agreement obtained between the experiment and
theory is excellent, and the currents are within a factor of 2 for most voltage ranges of the
two sets of experimental results obtained from the literature. The reason for the discrepancy
between the experiments and the theory reported in [19] is mainly due to the exclusion of
the current from the tunneling of electrons from the resonant state and the possibility of
hot electrons.
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5.2

DHBT

In this work, we have investigated the origin and conditions of collector current oscillations
in the forward active region of a G a ln P /G a A s/G a ln P DHBT with a set back layers
theoretically. Energy band balance was performed at the base-set back layer and set back
layer-coUector junctions to determine the distribution of the output voltage, Vb c , at these
junctions using degenerate statistics. This calculation also provided the electric field and
potential drop on the set-back layer. The transmission coefficient as a function of energy
were obtained using Airy and exponential function solutions to Schroedinger’s equation. A
transmission parameter for the collector -base junction was obtained by energy averaging the
transmission coefficient which was employed in a DC I-V characteristics model. Theoretical
results are in excellent agreement with the experimental results with the V sc’s at which
the peaks of the I d ,sat occurs matching remarkably closely for the first two peaks.

5.3

R ecom m endations

In HIGFET, while solving Poisson and Schrodinger’s equations seH-consistently, the tem
perature of electron was used as 300°A'. And then the temperature of electron (hot electron)
was varied for calculating the current. Better results can be expected if the Poisson and
Schrodinger’s equations are solved sefi-consistently with the temperature of electron. The
2D density of states could be considered both in the well and above the weU for good re
sults. In DHBT, avoiding the linearization of the bands wiU also help to find exact I-V
characteristics of the heterosturcture devices.
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A P P E N D IX

Airy’s differential equation is expressed as

d'^U

= 0

(A- 1)

To solve this equation, assume a stress for U{x) as follows:

inf

f / ( x ) = ^ a „ x ’"+’'

(A. 2)

n=0

where m is an arbitrary number and n the running index. Substituting U{x) from (A.2) in
(A .l) gives
inf

((m + n)(m + n —

j = 0

(A. 3)

71=0

As this is an identity, coefficients of different powers of i must vanish.

m(m - l)ao = 0,

(A. 4)

(m + l)m ai = 0,

(A. 5)

(m + 2)(m + l)o 2 = 0,

(A. 6)
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(m + 3)(m + 2 )o3 + flo = 0,

(A. 7)

.........................etc.

(A. 8 )

From the first equation in (A. 4), m = Oorl. Therefore oi = 0 =
and so on. Equating the

coefficients of

02

and

03

=

to zero gives

(m + n)(m + n - l)a„ + a„_i =

=

0

(A. 9)

-(m + n K ^ + n - l )

As the differential equation (A. 1) is of the second degree, it will have two solutions corre
sponding to two values of m, uiz.O and 1. The corresponding coefficients of the series (a.
2) may be obtained from (A. 5) on substituing the two values of m. The resulting two
solutions are as follows:

f '.W

=
=

+

(A. U )

F

and

( A . 13)
00

a,(x )

=

I

+

(A. 14)

n=l

. =

3&r

Q)

yFA

(A. 15)

taking oq = 1. These U\ and U2 functions along with their derivatives have been tabulated
by Smirnov[l]. The most general solution to the differential equation should bfe written as

U{x) = CUx{x) -t- DÜ2 { x \
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where C and D are arbitrary constants. One important property of these functions is

U{x)U!,{x) - U[{x)U2 ix) = 1
for any value of x.
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(A. 17)
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